Tannic acid has been much investigated over the years due to many applications. It can be used in water treatment, in food additive, in pharmaceutical applications and in metallurgical industries. The great variety of the tannic acid`s use is due to the numerous phenol groups in its structure. The interaction between tannic acid and metals was studied for better understanding of its use. Solid state M-L, where M represents bivalent metals (Co, Fe) and L is tannic acid, were prepared by mixture in different molar ratios M:L (1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1) and at pH (3, 5, 8) . Simultaneous thermogravimetry and differential thermal analysis (TG -DTA), TG-DSC coupled to FTIR and infrared spectroscopy were used to characterize and to study the thermal behavior of these compounds. The results led to information about the composition, dehydration, interaction M-L and thermal decomposition of the isolated compounds.
Introduction
In recent years the metal absorption capacity of tannic acid has been investigated for the production of new types of sorbents and coagulant agent [1] [2] [3] [4] [5] [6] ; tannic acid has been used as sorbent to remove toxic metal pollutants from industrial effluents and to purify contaminated water supplies [3] .
Tannins are naturally occurring water-soluble plant polyphenols. The dark colour and astringent taste of food are often ascribed to tannins. They can have a large influence on the nutritive value of many foods eaten by humans such as vegetables, fruits, chocolate, tea, alcoholic and non-alcoholic beverages, etc. Food rich in tannins are considered to be of low nutritional value because they precipitate proteins, inhibiting digestive enzymes and iron absorption and affect the utilization of vitamins and minerals from meals. [7] Tannic acid contains glucose linking through ester bonds to an average of nine to ten molecule of gallic acid, see [12] .
Most tannins have several o-diphenol groups and are thus capable of forming chelates with many metals ions such as Fe(III), Cu(II) and Zn(II) ions [8] . Furthermore, the multicatecholate nature of tannins that allows reticulation often favors the formation of metal-tannin precipitates [8] .
Several research studies have shown that tannins may be used successfully as corrosion inhibitors, thus they have been proposed for wash primers, anticorrosive paints and pretreatment solutions. One of the mechanisms of the protection is related to the transformation of existing rust components, like lepidocrocite and goethite, to more stable, inert and adherent products [9] .
Tannin/metal complexes often precipitate in water [8] . This property is best illustrated by the washing fastness of tannin/iron dyes and inks, by the development of tanninaluminum tannage [10] , or by the use of tannins in wood preservation treatments to fix fungicidal copper(II) ions [8] .
The aim of this work was to obtain solid compounds of tannic acid with iron and cobalt metal ion and to investigate them by means infrared spectroscopy, simultaneous thermogravimetry and differential thermal analysis (TG -DTA), simultaneous thermogravimetry and differential scanning calorimetry (TG -DSC) and TG coupled to FTIR.
Experimental
Tannic acid (L) with 98% purity and m. p. 218 ºC was obtained from Sigma. Aqueous solution of the H-Tan 0.01 mol L -1 was prepared by direct weighing of the compound. The solution was prepared in pH 3, 5 and 8, whose pH 5 and 8 were adjusted by adding diluted sodium hydroxide. Aqueous solution of H-Tan 0.01 mol L -1 (L) with pH = 3, 5 and 8 were adding to the aqueous solutions of the respective cobalt(II) chlorides or iron(II) sulphate both 0.01 mol L -1 in different molar ratios, M:L = 1:1(A1), 2:1(A2), 3:1(A3), 4:1(A4), 5:1(A5), 6:1(A6), 7:1(A7), to assess the influence of these ratios on the composition of the precipitate.
For the H-Tan 0.01 mol L -1 with pH = 3, the addition of cobalt ions in all the molar ratios, no formation of precipitate was observed. For the other conditions of pH (5 and 8) the formation of precipitate was observed in all the molar ratios utilized. For the H-Tan 0.01 mol L -1 with pH 3, 5 and 8, the addition of iron ions the formation of precipitate was observed in all molar ratios.
The precipitates were washed with hot distilled water until chloride and sulphate ions were eliminated, filtered through and dried on Whatman nº 42 filtered papers, and kept in a desiccator over anhydrous calcium chloride.
In the solid-state compounds, metal ions, water and tannate contents were determined from TG curves. The attenuate total reflectance infrared spectra of tannic acid, as well as for its compounds with the metal ions considered in this work were run on a Spectrum 100 model of the Perkin Elmer equipment, using an ATR accessory with Diamond window.
TG-DTA curves were obtained with thermal analysis systems model DTG-60H from Shimadzu. The purge gas was an air flow of 50 mL min -1 . A heating rate of 20 ºC min -1 was adopted, with samples weighing about 5.3 mg.
The samples were heated until 800 ºC. Alumina crucibles were used for the TG-DTA curves.
Simultaneous TG-DSC curves were obtained using a TG/DSC 1 -Thermogravimetric Analyzer Mettler coupled to a FTIR spectrophotometer Nicolet with gas cell and DTGS KBr detector. The furnace and the heated gas cell (250 ºC) were coupled through a heated (T = 200 ºC) 120 cm stainless steel line transfer with 3 mm of inner diameter both purged with dry air (50 mL min -1 ). The FTIR spectra were recorded with 32 scans per spectrum at a resolution of 4 cm -1 .
Carbon and Hydrogen contents were determined by calculation based on the mass losses observed in the TG curves, since the hydration water and ligand lost during the thermal decomposition occur with the formation of the respective oxides with stoichiometry known, as final residue. [11] 
Results and Discussion
The thermal decomposition of the tannic acid occurs in three steps, between 46 -546 ºC, with endothermic and exothermic peaks corresponding to the mass losses and physical phenomenon. A characteristic event of the tannic acid in air atmosphere is the exothermic peak at 199 ºC followed by an endothermic peak one at 204 ºC. The endothermic peak observed at 204 ºC is due to melting point of the tannic acid. [12] . Table 1 Analytical and thermoanalytical (TG) data of cobalt and iron compounds.
Insoluble iron/tannic acid Compounds.
The analytical and thermoanalytical (TG) data for the iron compounds are shown in Table 1 . These results establish the stoichiometry of these compounds which are in agreement with the general formula Fe x L.nH 2 O, where L represents tannic acid, x = 1 -9.5, and n = 9 -42. The stoichiometry of these compounds shows that the composition of the precipitate does not depend on the initial concentration of the iron in pH 3, 5 or 8. The profiles of the TG and DTA curves of the compounds between 300 -500 ºC show that the oxidation of organic matter is accompanied by combustion.
The simultaneous TG-DTA (mixture in pH 3.0, pH 5.0 and pH 8.0) curves of the Fe-Tan compounds are shown in Fig. 2 .
Iron compounds in pH 3.0. For A1, A2, A3, A4, A5, A6 and A7 compounds the first mass loss is ascribed to dehydration, which occurs in a single step and via a slow process, corresponding to the endothermic event between 40 -240 ºC, see Table 2 and Fig. 2(a-g) . Immediately after the dehydration the thermal decomposition of these compounds occurs in two overlapping steps and it begins with a slow process, followed by a fast process, corresponding to exothermic peaks at 307 ºC and 437 ºC (A1) The iron compounds in pH 5.0. For all the compounds mixture at pH 5 the first mass loss is ascribed to dehydration corresponding to the endothermic event between 50 -250 ºC, see Table 2 and Fig. 2(h-n) . Immediately after the dehydration, the thermal decomposition of the anhydrous compounds occurs in two steps and also begins with a slow process followed by a fast process, corresponding to the exothermic peaks at 320 ºC and 461 ºC (A1), 271 ºC and 442 ºC (A2), 276 ºC and 433 ºC (A3), 273 ºC and 368 ºC (A4), 277 ºC and 358 ºC (A5), 271 ºC and 363 ºC (A6), 312 ºC (A7), attributed to the oxidation of the organic matter. Calculations based on the total mass loss observed in the TG curves are in agreement with the formation of the Fe 2 O 3 as final residue and confirmed by qualitative test.
The iron compounds in pH 8.0. The TG-DTA curves are shown in Fig. 2(o-u) . These curves show mass losses in three steps (A1, A2, A3, A5, A6 and A7) and four steps (A4) between 30 and 600 ºC and thermal events corresponding to these losses. The first mass loss observed between 30-244ºC is due to dehydration, see Table 2 . The thermal decomposition of the anhydrous compound occurs in two consecutives steps. The total mass loss up to 574 ºC (A1), 592 ºC (A2), 584 ºC (A3), 575 ºC (A4), 436 ºC (A5), 421 ºC (A6) and 435 ºC (A7) is in agreement with the formation of Fe2O3 and confirmed by qualitative test.
For the synthesized compounds, it was found an increase of iron ions with the increase in the molar ratio Fe:Tan, and a satured relationship between Fe:Tan occurs when the molar ratio was larger 6:1.
For the compounds with the same molar ratio Fe:Tan, but in different pH values, it was verified that the raise in the pH values also increase the iron ions contents, except A1 (pH = 8) and this is due to the increasing deprotonation of the tannic acid provoked by the higher pH values.
Insoluble cobalt/tannic acid Compounds.
The analytical and thermoanalytical (TG) data for the cobalt compounds are shown in Table 3 and Fig. 3 . These results establish the stoichiometry of these compounds which are in agreement with the general formula Co x L.nH 2 O, where L represents tannic acid, x = 4.5, 5, 5.5, 6, 6.5 and 7 and n = 21 -29. The stoichiometry of these compounds shows that the composition of the precipitate does not depend on the initial concentration of the cobalt in both pH 5 or 8. The profiles of the TG and DTA curves of the compounds between 300 -500 ºC show that the oxidation of organic matter is accompanied by combustion.
The cobalt compounds in pH 5.0. The TG-DTA curves are shown in Fig. 3(a-g) . The TG curve also shows that the thermal decomposition occurs in two consecutive steps and thermal events due to these losses see Table 3 . The first step which occurs with two endothermic peaks up around to 220 ºC is ascribed to dehydration, see Table 3 and Fig. 2(a-g) . The second step up to 442 ºC (A1), 441 ºC (A2), 428 ºC (A3), 445 ºC (A4), 425 ºC (A5), 418 ºC (A6) and 423 ºC (A7), corresponded the thermal decomposition of the anhydrous compound. Calculations based on the total mass loss observed in the TG curves are in agreement with the formation of the Co 3 O 4 as final residue and confirmed by qualitative test.
The cobalt compounds in pH 8.0. For all the compounds the first mass loss is ascribed to dehydration, which occurs in a single step and via a slow process, corresponding to the endotherm event between 70 -200 ºC, see Fig. 3(h-n) and Table 3 . Immediately after the dehydration the thermal decomposition of these compounds
Table 3
Temperature ranges θ, mass losses (%) and peak temperature observed for each step of TG-DTA curves of cobalt compounds.
Mass /%
The TG curves shown that anhydrous cobalt compounds in pH 5 are more stable that cobalt compounds in pH 8.0 that is indicative cobalt compounds in pH 5 may form stronger complex.
When compared the compounds with same molar ratio of metal ions with tannic acid molecule but in different pH values (3-only Fe, 5 or 8) can be observed that as larger pH values as larger metal ions by tannic acid molecule, exceptions A1(pH 8) to iron compound and A3 to cobalt compound. This phenomenon is due to more deprotonated of the tannic acid provoked by larger pH values [12] . 
Infrared spectroscopy of H-Tan and its compounds with the iron ion and cobalt ion considered in this work are shown in Fig. 4 , as representative. Major vibrational modes of the H-Tan are C=O stretch, O-H stretch, O-H in plane bending, O-H out of plane, C-O stretch, H-Car stretch, C=C stretch. O-H stretching band was characterized by a very broad band appearing near about 2870-3670 cm -1 . This broad band must be due to combined effect of intermolecular hydrogen bonding with water molecules [12] .
The O-H in plane bending vibration occurs in general at 1440 -1395 cm -1 . The O-H out of plane bending vibration occurs in 960 -875 cm -1 [13] . In H-Tan, O-H in plane at 1610 cm -1 and 1535 cm -1 and O-H out of plane bending vibrations were assigned at 872 cm -1 , respectively. The main feature of ester carbonyl is a single band observed usually in the 1750 -1700 cm -1 region [13] . In H-Tan the C=O stretch can be observed at 1708 cm -1 . The comparative analysis between H-tan, Co-Tan and Fe-Tan spectra in the pH 3 (exception Co-Tan), pH 5 and pH 8, show peaks at lower wavenumbers which is indicative of coordination of H-Tan with cobalt(II) and iron (II) ions respectively [14] .
According to some theories in the literature, the metal binding by tannins is made through chelation by hydroxyphenyl groups in orto [8] .
The gaseous products evolved during the thermal decomposition of the tannic acid, cobalt and iron/tannic acid compounds were monitored by FTIR and they have water and carbon dioxide (anti-symmetrical stretching at 2360 and 2345 cm -1 and scissoring (degenerated) at 666 cm -1 ) as main products due to the dehydration and oxidation of the organic matter. The FTIR spectra of the gaseous products evolved during the thermal decomposition of tannic acid, as representative of all the compounds, are shown in Fig. 5 . 
Conclusion
The mixtures in low concentrations permitted to evaluate the ability of the tannic acid to form precipitate with ions Fe (II) and Co (II) in pH 3, 5 and 8.
The increase of ions Fe(II) coordination at larger pH values is due to the deprotonation of the active sites of the tannic acid. The precipitation of Fe (II) with H-Tan occurs easier than Co (II), indicating lower solubility of the Fe-Tan.
The infrared spectroscopy studies suggest complexation of iron and cobalt ions with H-Tan respectively. The stablish iron and cobalt compounds were confirmed by general formula established for these compounds in the solid state.
The suggested proportion M:L shows a better relationship for iron ion but in both cases the use of tannic acid as a good flocculants agent for aqueous solutions are indicated. 
